In a step forward, we set out to define the molecular target of 7 in the mitochondrial ATP synthesis. To afford free access of specific substrates and inhibitors to the different complexes of the respiratory chain, digitonin-permeabilized parasites were used. The integrity of the inner mitochondrial membrane was preserved, as after ADP addition, the respiration increased recovering state 3, in which ADP is not longer the limiting substrate for oxidative phosphorylation. At this state, oxygen consumption rate of digitonin-permeabilized parasites was 9.4 nmol × min -1 × 10 -8 cells ( Figure 4B ). The addition of 16 µM of compound 7 to digitonized parasites leads to a full inhibition of the oxygen consumption rate using succinate as substrate ( Figure 4B ). Addition of 10 µM FCCP, a mitochondrial uncoupler, did not revert this inhibition, ruling out any specific inhibition of 7 on F 1 F 0 -ATPase ( Figure 4A ). In contrast, addition of TMPD-ascorbate, an electron donor to cytochrome c 30 restored the oxygen consumption rate at 50% of the initial value ( Figure   4B ). This excludes cytochrome c oxidase (complex IV) as the site of inhibition, and circumscribes the potential target upstream cytochrome c (Scheme 2). The oxygen consumption rate inhibited by 7 was partially (33%) reinstated upon addition of 6.7 mM α-glycerophosphate (data not shown), a substrate of complex I. 30 Consequently, this result ruled out complexes I and III as targets for 7, and supports complex II as the more likely target for this drug. To verify this hypothesis the succinatedependent respiration was inhibited with malonate at the level of complex II, and oxygen consumption was allowed to proceed with α-glycerophosphate as the sole substrate through complex I. Under these conditions, i.e. without a functional complex II, compound 7 did not exert any inhibitory effect on the α-glycerophosphate-dependent respiration ( Figure 4C ), pointing at complex II as the main target within oxidative phosphorylation.
Leishmania Killing Involves an Apoptotic Process. Since the mitochondrion plays a pivotal role in the onset of apoptosis in Leishmania, the induction of apoptosis by compound 7 was investigated.
Overnight incubation of promastigotes with different concentrations of compound 7, lead to an increase in the sub-G 1 peak region, accounting for fragmented chromatin, hence of apoptosis ( Figure 5 ). The percentage of promastigotes with a PI fluorescence in the peak region typical of apoptotic cells was 22% at the LC 50 , while in parasites treated with miltefosine, a typical apoptosis inducer in Leishmania 31 , the percentage was 25% at 15 µM, its LC 50 on promastigotes ( Figure 5 ).
Discussion.
The choice of phosphonium substituents with moderate hydrophobicity led to compounds with an intermediate lipophilicity, capable to traverse the plasma membrane and accumulate in organelles driven by electrical potentials. 24 According to this hydrophobicity criteria for the substituents, from the set of compounds tested, those with leishmanicidal activity belong to this group. The substituents are medium length alkyl chains (5-8 carbons), aryl groups, or a combination of both. Nevertheless, the literature regarding these compounds is mostly based on the presence of a single phosphonium group in the molecule. Actually, the uptake of dications may be impaired by the double charge present in the molecule. In fact, the desolvatation process (i.e., energy required to remove solvating water molecules) is the main energy demand to move a cation from the aqueous medium to the hydrophobic lipid membrane. 21 In practical terms, the bisphosphonium cations require a higher threshold hydrophobicity than monophosphonium compounds to traverse the membrane 21 which for the set of compounds assayed was provided by the benzophenone scaffold connecting the two phosphonium moieties. As the entrance of the vital dye SYTOX green into parasites is nil, even at concentrations higher than those required for full lethality, plasma membrane permeabilization was ruled out as a major cause of parasite killing. Thereby, the lethal activity must involve intracellular targets, thus, uptake of compound 7 and other active compounds by the parasite. Accordingly, the balance of hydrophobicity with charge, required for the translocation across the membrane, is finely tuned. In fact, changes in the overall polarity of the whole molecule, achieved with a single incorporation of a heterocycle with slightly higher polarity than the phenyl substituent, impaired (2-pyridinyl, 16), or almost abrogated (2-furanyl, 19) leishmanicidal activity. The same happened when hydrophobicity was decreased for short alkyl substituents (1) (2) (3) (4) (5) (6) (10) (11) . This exquisite modulation by subtle changes in the hydrophobicity of phosphonium substituents has been employed to optimize the mitochondrial uptake of MitoQ, consisting in an antioxidant ubiquinone coupled to a phosphonium group. 31, 32 The cellular uptake and accumulation for phosphonium compounds is driven by electrical potential; 22 hence the plasma membrane potential and, in a further step the higher ∆Ψ m of the mitochondrion will lead to a massive accumulation of these compounds in this organelle. 23, 24, 33 Although in this work we did not attempt to define the intracellular distribution of compound 7, from the experimental results it was concluded beyond reasonable doubt that mitochondria constitutes an essential target for that compound. This is demonstrated by morphological data, obtained from micrographs were the mitochondrion of Leishmania appeared dramatically swollen in parasites treated with 7. This result was validated from a functional perspective; 7 provokes a prominent decrease of cytoplasmic ATP level, as assessed in real-time by the rapid decay of luminescence of living 3-Luc parasites. 29 Once the leakage of intracellular ATP or its enhanced hydrolysis associated to membrane permeabilization were discarded as the reason for these effects, impairment of ATP synthesis, essentially of mitochondrial origin in Leishmania, came out as the most feasible target for compound 7. In fact, this compound causes the decrease of ∆Ψ m , which drives mitochondrial ATP synthesis, a trend also observed for most of the compounds, for which leishmanicidal effect is associated with inhibition of rhodamine 123 accumulation.
Finally, the mitochondrial dysfunction created by 7 was unequivocally pinpointed to the inhibition of complex II, according to the systematic dissection of the functionality of the whole set of components involved in the oxidative phosphorylation process.
According to experimental data provided by other authors, we surmise two major alternatives to account for the inhibition of complex II; either, an unspecific effect due to a general mitochondrial dysfunction, otherwise, produced by a specific effect of 7 on complex II .
Under the hypothesis of an unspecific origin for the inhibition of complex II by 7, this would be likely due to the perturbation of the biophysical parameters of the inner mitochondrial membrane after massive ∆Ψ m -driven insertion of 7, as a lipophilic phosphonium compound. In fact, the specific tumoricidal activity of phosphonium compounds was based on their larger accumulation in mitochondria, due to the significant higher ∆Ψ m in transformed-versus non-transformed cells. 42 the only predicted effect will be a faster transfer of bisphosphonium compounds from the external medium into the intracellular space. Nevertheless, the final mitochondrial accumulation of 7, driven solely by ∆Ψ m. , will be similar in both types of cells. Additional facts to discard an unspecific effect are provided by the integrity of the inner mitochondrial membrane throughout the time span of the experiment, as well as preservation of the functionality of the rest of the components within the respiratory chain. This is evidenced by the unaltered oxygen consumption rate obtained in the presence of 7, when the system was artificially fed with substrates outside complex II, i.e. α-glycerophosphate and TMPD-ascorbate.
Hence, a specific inhibition of compound 7 on the mitochondrial complex II is the most feasible scenario to account for its leishmanicidal activity. In cancer cells, other lipophilic cations such as rhodamine 123 or AA-1 (thiopyrilium) work by specific inhibition, in this case the F 1 F 0 -ATPase. 25 Drugability of complex II in Leishmania has been reported for other compounds 43, 44 also leading to apoptosis of the parasite, 43 as happens with 7.
The uniqueness of the complex II of Leishmania as target for 7, may be disputed on the basis of i) its dicationic character will presumably afford binding to either nuclear or kinetoplast DNA, as described for its guanidine homolog, but this possibility was ruled out on the grounds of the poor affinity of 7 for DNA. 7 ii) Compound 7 is active on the bloodstream forms of the African trypanosome T. b. rhodesiense. 5 It is well established that the bioenergetic requirements of this form of parasite are fulfilled by glycolysis rather than through oxidative phosphorylation, 45 as
Leishmania does. Nevertheless, for this trypanosomal form the maintenance of a rudimentary mitochondrion with a residual ∆Ψ m is essential, although sustained by the electrogenic activity of mitochondrial ATPase 46 without the concourse of cytochrome-containing complexes. Altogether these data suggest the existence of additional targets aside from complex II, at least for other trypanosomatids.
Conclusions
Although the potential of phosphonium compounds as leishmanicidal drugs has been previously described for African and American trypanosomes, and very succintly mentioned for L. braziliensis and L. mexicana, this work demonstrates the feasibility of benzophenone-derived bisphosphonium salts as new leishmanicidal lead compounds. A fine modulation of the activity and specificity was achieved by the adequate selection of substituent based on their hydrophobicity. Two additional facts stressed this assertion; first the higher susceptibility of amastigotes, as the pathological form of the parasite in vertebrates, over promastigote; and secondly, compound 7 acts over complex II of the mitochondrial respiratory chain. The importance of this target for Leishmania is highlighted by the total dependence of this parasite on mitochondrial ATP synthesis to fulfill its bioenergetic requirements. Furthermore, in quantitative terms, complex II is the main gate for the metabolic feeding of the respiratory chain. All these items make highly attractive the exploitation of Anhydrous DMF (3 mL) was added followed by the phosphine (1.1 mmol, 4 equiv). The tube was flushed with argon, stopped, and the reaction mixture was stirred at 110 ºC for 20h. Different workup procedures were used depending on whether the product precipitated from the reaction mixture or not. Workup I: the reaction was allowed to cool to room temperature and the precipitated product was collected by filtration, rinsed successively with toluene and Et 2 O, and dried under vacuum. Workup II: the reaction mixture was transferred to a flask. Then, toluene (10 mL) was added to precipitate the product. The flask was stored in the fridge overnight. 
4,4'-bis((tripropylphosphonio)methyl)benzophenone dibromide (3).
The reaction was carried out following the general procedure using dry toluene instead of DMF, and tri-n-propylphosphine.
The reaction was allowed to cool to room temperature whereupon a yellow sticky residue was precipitated on the walls of the tube. 
4,4'-bis((tributylphosphonio)methyl)benzophenone dibromide (5). The reaction was carried out
following the general procedure with tri-n-butylphosphine. 
4,4'-bis((tricyclohexylphosphonio)methyl)benzophenone dibromide (8).
The reaction was carried out following the general procedure with tricyclohexylphosphine. The reaction was concentrated to ca. 1 mL resulting a yellowish oil that was diluted with toluene (10 mL 
